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Abstract—We discuss how InP membrane laser diodes, 
heterogeneously integrated on SOI can be designed for high speed 
operation and how one can take advantage of the heterogeneous 
integration. This is illustrated with several static and dynamic 
characteristics of fabricated 1550nm lasers. We show non-return 
to zero on-off keying at 43 Gb/s and report link experiments over 
2 km of nonzero dispersion shifted fiber with the directly 
modulated laser diodes.  
 
Index Terms—Direct modulation, distributed feedback lasers, 
hybrid integrated circuit fabrication 
I. INTRODUCTION 
s data centers contain ever more servers (1 million servers 
or more per datacenter) and occupy ever larger physical 
spaces (several tens of thousands of square meters), with 
distances between buildings reaching a few km and data rates 
increasing to 400 Gb/s or even 1 Tb/s in the near future, optical 
interconnects are growing fast in importance for the networking 
inside and between these data centers.  
Single mode fiber is more and more preferred as the transport 
medium for the optical interconnect. As the number of  
interconnects within a data center is getting immensely large, 
single mode fiber is resulting in lower cost than multi mode 
fiber. Moreover, scalability issues and future proofness of the 
interconnects enforce the use of wavelength division 
multiplexing, which is much more easily implemented using 
single mode waveguides and single mode fibers. 
Standardisation efforts are taking place on a 400 Gb/s Ethernet 
and the long reach standard will most likely be based on 8 lanes 
(wavelengths), each intensity modulated with 50 Gb/s on-off-
keying. 
Power consumption is an important issue for the data centers. 
In the US, the power consumption by data centers already 
represents several % of the total electricity consumption and the 
percentage is only expected to rise. The data center networks 
are roughly responsible for one quarter of that power 
consumption. It is vital (both from an ecological and an 
economic point of view) that this power consumption is limited 
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and doesn’t rise any further with further traffic increases. It is 
thus also essential that the transmitters used in the optical 
interconnects have very low power consumption.  
There are several options for the transmitter of optical 
interconnects. For short distances, either with single or multi 
mode fiber, directly modulated VCSELs are the transmitter of 
choice due to their low cost, low power consumption, easy 
coupling to fiber and high modulation bandwidth. Both 850nm 
and 1550 nm VCSELs have been shown capable of 56 Gb/s 
direct modulation. [1-2]. However, VCSELs have a limited 
output power of a few mW, making them less suited for longer 
distance interconnects, their wavelength is not easy to control 
and they are not easily integrated into a multi wavelength WDM 
transmitter.  
Edge emitting laser diodes (and in particular DFB lasers or a 
wavelength tunable variant) normally give higher output power 
and are much better suited for integration into a WDM 
transmitter. However, their power consumption is larger and 
coupling of their output to a single mode fiber is a little bit more 
complicated. The lasers can be modulated either directly or 
externally and modulators can also be monolithically or 
hybridly integrated with the laser diode. While different types 
of external modulators (InP- or Si-based) have been 
demonstrated at bitrates of 50 or 56 Gb/s [3], these modulators 
typically come with large footprint, extra insertion loss and 
require relatively large RF powers. ([4]). Direct modulation is 
theoretically possible with much lower power consumption and 
smaller footprint. In theory, very large modulation bandwidths 
are possible as well. InP based DFB laser diodes have already 
been directly modulated at 56 Gb/s using on-off-keying [5], 
while DBR laser diodes have been used in a recent 
demonstration of a 56 Gbaud, 112 Gb/s PAM-4 modulation [6].  
Several transmission experiments have been demonstrated 
using either VCSELs, lasers with external modulators or 
directly modulated laser diodes. Typical transmission distances 
in these experiments are a few 100 m up to 2 km, consistent 
with distances of optical interconnects inside datacenters. Fiber 
losses are of minor importance over these distances, and fiber 
dispersion is limited, especially when operating at the 1300nm 
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wavelength in standard single mode fiber or when using 
dispersion shifted fiber at the 1550nm wavelength. 
In this paper, we will discuss the direct modulation experiments 
that were recently performed on InP membrane laser diodes 
heterogeneously integrated on silicon-on-insulator waveguides. 
As will be discussed in the next section, the use of InP 
membranes on a silicon-on-insulator waveguide platform 
results in several advantages for high speed direct modulation. 
In Section III, we will provide details about the design and the 
fabrication of the heterogeneously integrated InP-on-Si laser 
diodes that we have been using in our high speed experiments. 
In Section IV, we report on the high speed direct modulation 
experiments (up to 43 Gb/s) that have been performed with the 
laser diodes as well as on the transmission experiments over 
single mode fiber. The paper ends with a conclusion section in 
which we also discuss further improvements to the lasers in 
order to allow modulation at even higher bitrates. 
II. ADVANTAGES OF USING INP MEMBRANES ON SILICON-ON-
INSULATOR WAVEGUIDES 
A typical laser structure is shown schematically in Figure 1.a 
and a SEM picture of the cross section is given in Figure 1.b.  
The InP membrane consists of InP epitaxial layers with a total 
thickness of just 2 m and a width of around 3.5 m, 
surrounded largely by the polymer BCB, results in a strong 
confinement of the optical mode to the active layer of the InP 
membrane. This is especially the case when the active layer 
consists of many quantum wells (8 or 9, e.g.). 
At the same time however, the BCB bonding layer can be made 
very narrow (below 10 nm), which results in a significant 
overlap of the waveguide mode with the diffraction grating, 
etched on the top of the silicon waveguide. As the refractive 
index contrast between the silicon and the BCB or oxide is very 
large and there is a large overlap of the waveguide mode, a large 
coupling coefficient for the diffraction grating and thus a low 
mirror loss is guaranteed. Together with the large optical 
confinement factor, this results in a low threshold gain.  
The active layers used in our lasers are strained layer multiple 
quantum well (SL-MQW) InGaAsP or InAlGaAs active layers. 
The gain in such layers is very often considered to be a 
logarithmic function of the carrier density, and the differential 
gain becomes inversely proportional with the carrier density. 
Consequently, a low threshold gain will lead to a high 
differential gain.  
It is well known that the intensity modulation response of single 
section DFB laser diodes is a second order function with a 




      (1) 
 
In which is the confinement factor, V the volume of the active 
layer, dg/dN the differential (material gain) of the active layer 
and I-Ith the current minus the threshold current. The resonance 
frequency can thus be maximized by maximizing /V and 
dg/dN. Although the 3-dB modulation bandwidth is not 
identical to the resonance frequency, a high resonance 
frequency normally results in a high modulation bandwidth. 
The coupling of the light from the InP membrane laser to the 
underlying silicon waveguides gives another advantage: it is 
relatively easy to make an external cavity to the laser by adding 
a reflector in the silicon waveguide.  As has been shown several 
years ago [7], a DFB laser connected to an external cavity 
exhibits a second resonance peak in its modulation response, a 
photon-photon resonance or external cavity resonance at a 
resonance angular frequency given by the inverse of the 
roundtrip time in the external cavity. For this photon-photon 
resonance (or PPR in short) to be able to extend the modulation 
bandwidth, both the strength, the phase and the roundtrip time 
need have the right values and such external cavities can be well 
designed in the silicon waveguides. In fact, the surface grating 
couplers that are used to couple the laser light to a fiber also 
give a 4% reflection in our designs and it is thus the grating 
coupler which acts as external reflector to the DFB lasers and 
which gives the PPR resonance. 
Finally, the small top and bottom surface area of the InP 
membranes result in a small parasitic capacitance, while the 
series resistance of the laser diodes is of the same magnitude as 
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Fig. 1.  Schematic structure of a heterogeneously integrated InP-on-Si DFB 
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principle with a low RC value and a high cut-off frequency for 
the current injection into the active layer. 
III. DESIGN, FABRICATION AND STATIC CHARACTERISTICS 
The design and fabrication of the laser diodes have been 
extensively discussed in other papers [8-9]. As usual, we bond 
InP dies onto SOI dies using adhesive bonding with BCB as 
adhesive. The bonding is done using machine bonding with a 
close to 100% bonding yield. Coupling between the InP 
waveguide and the 400nm thick silicon waveguide occurs by 
means of tapers (as described in [8]), and coupling from the 
silicon waveguide to optical fiber occurs by means of surface 
grating couplers [10], which are separated by 1000 m. The 
DFB laser part (not including tapers) is typically 340 m long, 
with an InP mesa width of 3.5 m. 
In the past years, we fabricated lasers with both InGaAsP and 
InAlGaAs active layers. We will focus in this paper on the DFB 
lasers with an active layer consisting of InAlGaAs strained 
layer multiple quantum wells, since the main results for the 
lasers with InGaAsP active layer have been described in [9]. 
The geometrical structure and dimensions of the InAlGaAs 
DFB lasers are exactly the same as those of the InGaAsP lasers. 
However, by largely removing the planarizing oxide on top of 
the silicon, a very thin bonding layer of just below 10 nm is 
obtained, resulting in a coupling coefficient of 200 cm-1, which 
is higher than the  of 125 cm-1 that was obtained for the 
InGaAsP lasers. Because of this larger coupling coefficient, this 
laser has a somewhat lower feedback sensitivity.  
The first fabricated laser diodes have single current contacts for 
both the DFB laser part and the tapers (which will thus act as 
semiconductor optical amplifiers). Typical threshold currents 
are 35 mA (including the taper current) and the series resistance 
is typically 6. A typical optical spectrum, showing single 
mode operation with over 40 dB side mode rejection, as well as 
a wide stopband, is shown in Figure 2. The coupling coefficient 
value of 200 cm-1 was derived from the stopband width. The 
output power (in the silicon waveguide) is reaching 5 mW at an 
injected current of 100 mA. All measurements reported in this 
paper were done at a fixed temperature of 20 ℃ for the silicon 
substrate.  
IV. HIGH SPEED MODULATION EXPERIMENTS 
A small signal measurement was done with a KEYSIGHT 
PNA-X 67 GHz network analyzer. When excluding the low-
frequency part (which may be due to the modulation of tapers 
acting as SOAs and due to spatial hole burning in the laser 
cavity), we find a 3dB modulation bandwidth of 27 GHz at 100 
mA (Figure 3). This bandwidth is achieved because of an 
external cavity resonance at around 25 GHz. It is remarked that 
the external feedback has to have the right strength to extend 
the modulation bandwidth. If it is too strong, there will be a 
strong resonance at a frequency 1/(2), but also a strong anti-
resonance at half the resonance frequency. This anti-resonance 
will cause a deep dip in the modulation response around the 
frequency 1/(4) which will cause the 3-dB bandwidth to be 
just slightly above the relaxation oscillation resonance 
frequency. If the external feedback is too weak, the resonance 
at frequency 1/(2) however will not be strong enough to lift 
the modulation response at frequencies around the resonance  
frequency and again the modulation bandwidth will not be 
extended a lot beyond the modulation bandwidth without 
external cavity. This is explained in more detail in the appendix. 
Lasers with larger small signal bandwidth (32 GHz) have also 
been characterized. However, the small signal response shown 
in Figure 3 is the one with the least amplitude variation between 
0 and 30 GHz and was found to be the one giving the best large 
signal response. It is remarked that the small signal response 
depends not very much on the mount or ambient temperature. 
Figure 4 shows the small signal response of a different laser 
with similar small-signal characteristics for different mount 
temperatures. There is very little variation with temperature. 
This can be understood by the fact that the phase change of the 
external reflection with a temperature change T is given by: 
 




Fig. 2.  Typical optical spectrum of the DFB lasers with InAlGaAs active layer, 
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With next and Lext the effective index and length of the external 
cavity waveguide (SOI), ng the group index of the SOI 
waveguide, next the change of the effective index due to the 
temperature change and  the lasing wavelength. For the lasing 
wavelength of a DFB laser, one also has =ne,InP/ng,InP. For 
a silicon wire waveguide, next/ng  ne,InP/ng,InP = . And 
thus is the expression on the r.h.s. of (1) negligible. 
First large signal modulation experiments were done at 40 Gb/s. 
The eye diagrams for this bitrate are shown in Figure 5, for the 
back to back case as well as after transmission over 2 km of 
NZDSF fiber. Figure 6 shows the recorded Bit Error Rate 
(BER) for the different cases. The low frequency part in the 
modulation response causes patterning effects, especially for 
larger word lengths. This can be seen very well in the BER 
curves; there is a significantly higher BER for larger word 
lengths, but only a small penalty associated with the 
transmission over the 2km of fiber. It is also remarked that the 
different eye diagrams and BER curves were recorded without 
any use of Feed Forward Equalisation (FFE, [10]).  
Modulation at 43 Gb/s was also possible, but with larger BER 
values and only for a word length of 27-1. Figure 7 shows the 
eye diagrams for a word length of 27-1 and Figure 8 the BER 
curves. 
V. CONCLUSION 
We have demonstrated direct (current) modulation of 
heterogeneously integrated InP-on-Si DFB laser diodes at 
bitrates of 40 Gb/s. This bitrate was achieved without the use of 
special drivers with Feed Forward Equalisation and error-less 
transmission over 2km over nonzero dispersion shifted fiber 
was demonstrated as well at this bitrate. Using FEC at the 
receiver, error free transmission could be obtained also at 43 
Gb/s for short word lengths. 
Further optimisation of the maximum achievable bitrate is 
possible by using shorter DFB lasers with one highly reflecting 
facet (in order to decrease the threshold gain and increase the 
 
 
Fig. 5  Eye diagrams for 40 Gb/s large signal modulation: (a) for a word length 
of 27-1 and back to back, (b) for a word length of 27-1 and after 2km of NZ-
DSF fiber, (c) for a word length of 231-1 and back to back, and (d) for a word 




Fig. 4.  Small signal modulation characteristics at 100 mA for different mount 
temperatures. 
 





Fig. 7.  Eye diagrams for 43 Gb/s large signal modulation: (a) for a word length 






Fig. 6.  BER curves for the different cases considered in Figure 4. 
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differential gain). This will result in a higher relaxation 
oscillation resonance. In combination with a higher photon-
photon resonance (obtained with a shorter external cavity), this 
will result in a higher 3dB modulation bandwidth. The use of a 
driver with FFE [10] should allow to obtain higher bitrates, 
even with the laser diodes on which we reported in this paper.  
APPENDIX INFLUENCE OF EXTERNAL FEEDBACK ON 
INTENSITY MODULATION RESPONSE 
A small signal analytical solution for the modulation 
response of a laser diode subject to external feedback can be 
derived from the rate equations, as given in e.g. [11], for the 
case when the external reflection is in phase with the output of 
the facet (opt=2m). One finds the following intensity 
modulation versus angular frequency :  
 
With S being the number of photons inside the laser cavity, G 
the modal gain per time unit, N the average carrier density in 
the active layer, d the differential carrier lifetime,  the gain 
suppression and V the volume of the active layer. kc is the 
external feedback coefficient (per unit time) and  the roundtrip 
time in the external cavity [7]. 
Numerical results using this analytical formula are shown in 
Figure A.1 for 4 different values of kc and for a delay  of 20 
ps. 
From Figure A.1, it is clear that a too large feedback coefficient 
kc results in a too strong antiresonance at , and that this 
antiresonance is detrimental for the modulation bandwidth. 
However, also a too weak coefficient kc gives a modulation 
bandwidth which is a bit smaller than that of the laser without 
external cavity. 
 
It is remarked at this point that the feedback coefficient kc 
depends both on the external reflection rext, and on the laser 
structure. For a DFB laser in particular, the feedback coefficient 
kc decreases with increasing L value (see e.g. [11]). The 
external reflection that is required to obtain a flat modulation 
response up to the photon photon resonance thus depends 
strongly on the DFB laser structure. 
For feedback which is not in phase (opt≠2m), a similar 
analysis can be performed, albeit with more complex 
expressions. It is found in [12] that the modulation response of 
a DFB laser with passive feedback from an external reflector 
depends strongly on the phase of the feedback. It can however 
by shown that the phase of the feedback to a DFB laser doesn’t 
change with mount or substrate temperature.   
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Fig. A.1. Intensity modulation plot derived from equation (A.1) for =20ps 
and kc=0,25, 50 and 200 (times 10
9 s-1). 
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